lular, local, and organismal responses to low O2 availability occur during processes such as anaerobic metabolism and wound healing and pathological conditions such as stroke and cancer. These responses include increases in glycolytic activity, vascularization, breathing, and red blood cell production. These responses are mediated in part by the hypoxia-inducible factors (HIFs), which receive information on O2 levels from a group of iron-and O2-dependent hydroxylases. Hypoxia mimics, such as cobalt chloride, nickel chloride, and deferoxamine, act to simulate hypoxia by altering the iron status of these hydroxylases. To determine whether these mimics are appropriate substitutes for the lower O2 tension evoked naturally, we compared transcriptional responses of a Hep3B cell line using highdensity oligonucleotide arrays. A battery of core genes was identified that was shared by all four treatments (hypoxia, cobalt, nickel, and deferoxamine) including glycolytic enzymes, cell cycle regulators, and apoptotic genes. Importantly, cobalt, nickel, and deferoxamine influenced transcription of distinct sets of genes that were not affected by cellular hypoxia. These global responses to hypoxia indicate a balancing act between adaptation and programmed cell death and suggest caution in the use of hypoxia mimics as substitutes for the low O2 tension that occurs in vivo. Affymetrix array; Hep3B; genomics; hepatocellular carcinoma CELLS, TISSUES, AND ORGANISMS are said to be hypoxic when they receive less than normal levels of oxygen. Given the central role of oxygen in the production of ATP through oxidative phosphorylation, it is critical for cells and tissues to respond rapidly to hypoxia. The importance of hypoxia signaling is further highlighted by its essential role in mammalian development and several pathological conditions such as cardiovascular disease and cancer (4). The primary response to hypoxia within the cell is the upregulation of proteins and pathways such as glycolytic enzymes and angiogenic factors that ultimately lead to alternative routes of ATP generation and an increased oxygen availability (10). Glycolytic enzymes that are targets for such upregulation include glyceraldehydes-3-phosphate dehydrogenase (GAPDH), pyruvate kinase, and phophofructokinase (27). At the tissue level, there is a stimulation of angiogenesis through the upregulation of growth factors such as vascular endothelial growth factor (VEGF) (19). These responses and others are regulated by a family of transcription factors called the hypoxia-inducible factors (HIFs).
CELLS, TISSUES, AND ORGANISMS are said to be hypoxic when they receive less than normal levels of oxygen. Given the central role of oxygen in the production of ATP through oxidative phosphorylation, it is critical for cells and tissues to respond rapidly to hypoxia. The importance of hypoxia signaling is further highlighted by its essential role in mammalian development and several pathological conditions such as cardiovascular disease and cancer (4) . The primary response to hypoxia within the cell is the upregulation of proteins and pathways such as glycolytic enzymes and angiogenic factors that ultimately lead to alternative routes of ATP generation and an increased oxygen availability (10) . Glycolytic enzymes that are targets for such upregulation include glyceraldehydes-3-phosphate dehydrogenase (GAPDH), pyruvate kinase, and phophofructokinase (27) . At the tissue level, there is a stimulation of angiogenesis through the upregulation of growth factors such as vascular endothelial growth factor (VEGF) (19) . These responses and others are regulated by a family of transcription factors called the hypoxia-inducible factors (HIFs).
HIFs are members of the bHLH-PAS (basic-helix-loophelix-PER, ARNT, SIM) family of transcription factors (12) . There are three cytosolic HIFs: HIF1␣, HIF2␣, and HIF3␣. The most studied of these is HIF1␣. Under normoxic conditions, HIF1␣ is ubiquitously transcribed, translated, and subsequently degraded. Under hypoxic conditions, however, HIF1␣ protein becomes stabilized (2, 16, 26) . This oxygendependent degradation of the HIF1␣ protein is primarily controlled by a family of nonheme oxygenases called prolyl hydroxylase domain-containing proteins (PHDs, also known as HIF prolyl hydroxylases) (3, 6) . There are three PHDs in mammals, and recent reports suggest that they have differing cellular localization and regulatory activities on HIF1␣ (1, 21) . These hydroxylases may also participate in feedback inhibition, since they themselves are hypoxia-regulated genes. (5, 21, 32) The PHDs use oxygen as a cosubstrate and are dependent on iron and 2-oxoglutarate for function (23) . In the presence of oxygen, these enzymes are capable of hydroxylating proline residues within the oxygen-dependent degradation domains (ODDs) of HIF1␣. Once hydroxylated, the ODD becomes an interaction surface for the Von Hippel Lindau tumor suppressor (VHL), which binds the HIF1␣ protein, recruits the ubiquitination machinery, and ultimately leads to HIF1␣ degradation in a proteosome-dependent fashion (17) . The iron-dependent activity of the PHD enzymes may help explain the ability of iron chelators and divalent metals to promote a hypoxic-like response. In fact, cobalt chloride and nickel chloride, transition metals capable of competing with iron at binding sites, and deferoxamine, an iron chelator, are widely used as hypoxia mimics. The appropriateness of these hypoxia mimics has not been thoroughly tested.
Under hypoxic conditions, HIF1␣ is stabilized and translocates to the nucleus where it dimerizes with its partner, the aryl hydrocarbon nuclear translocator (ARNT, also known as HIF1␤) (16) . The HIF1␣:ARNT heterodimer, referred to as HIF1, recognizes specific sequences within the genome, termed hypoxia-responsive elements (HREs), and, on binding of these sites in the appropriate context, the complex becomes transcriptionally active (2, 26) . While Ͼ50 HIF1␣-responsive genes have been characterized, the pleiotropic responses to hypoxia suggest the existence of unidentified hypoxia-responsive genes. Furthermore, although widely used as hypoxia mimics, the suitability of cobalt, nickel, and deferoxamine as hypoxia analogs has not been comprehensively addressed. These current studies were performed to characterize a more complete battery of hypoxia-regulated genes and to determine whether cobalt chloride, nickel chloride, and deferoxamine are Article published online before print. See web site for date of publication (http://physiolgenomics.physiology.org).appropriate hypoxia mimics. To address these goals, the hepatocellular carcinoma cell line, Hep3B, was exposed to hypoxia, cobalt chloride, nickel chloride, or deferoxamine (DFO); total RNA was extracted; and transcriptional responses were evaluated using high-density oligonucleotide arrays. Comparisons among the four treatments suggest that there is substantial overlap; however, there is also a large set of genes that are specific for the individual treatments. Several genes involved in creatine transport and pyruvate metabolism were shown to be general responders to all treatments. In addition, several protooncogenes, kinases, cell cycle regulators, and hydroxylases have also been found to be regulated by hypoxia.
MATERIALS AND METHODS
Cell culture. Hep3B cells were maintained in MEM (Invitrogen) supplemented with 10% fetal bovine serum (Hyclone, Logan, UT), 20 mM L-glutamine, 1 mM MEM nonessential amino acids, 100 mM HEPES (pH 7.4), 1,000 U/ml penicillin G, and 1,000 g/ml streptomycin sulfate (Invitrogen). Cells were ϳ70% confluent at the time of treatment. Cells were maintained at 37°C, 5% CO2, and 21% O2 before treatment. Hypoxia treatment (1% O2) was performed in an O2-regulated incubator (Precision-NAPCO 7000; Winchester, VA) at 37°C and 5% CO2. Cobalt chloride (100 M), nickel chloride (100 M), and DFO (100 M) treatments were performed at 37°C, 5% CO2, and 21% O2. RNA extraction. RNA was extracted by homogenization (Polytron; Kinematica, Lucerne, Switzerland) in TRIzol reagent (Gibco BRL) (added to cell pellet) at maximum speed for 90 -120 s. The homogenate was allowed to incubate for 5 min at room temperature, a 1:5 volume of chloroform was added, and the tube was vortexed and, finally, subjected to centrifugation at 12,000 g for 15 min. The aqueous phase was isolated, and a one-half volume of isopropanol was added to precipitate the RNA. After this initial isolation, a secondary purification was performed with the Qiagen RNeasy Total RNA isolation kit according to manufacturer's specifications. The purified total RNA was finally eluted in 10 l of diethyl pyrocarbonate-treated H 2O, and quantity and integrity were characterized using a Beckman DU640 UV spectrophotometer and Agilent Bioanalyzer 2100.
RNA labeling. Briefly, 5 g of total RNA from two separate biological replicates were used to make first-strand cDNA using the Superscript Choice system (Gibco BRL) and a T7 promoter/oligo(dT) primer (Gibco). Second-strand cDNA was also made with the Superscript Choice system. The resulting cDNA was subjected to phenolchloroform purification and ammonium acetate precipitation, and used as a template to make biotinylated amplified antisense cRNA using T7 RNA polymerase (Enzo kit, Affymetrix). Twenty micrograms of cRNA were fragmented to a range of 20 -100 bases in length using fragmentation buffer (200 mM Tris-acetate, pH 8.1, 500 mM potassium acetate, 150 mM magnesium acetate) and heating for 35 min at 94°C. The quality of cRNA and size distribution of fragmented cRNA were examined by both agarose and polyacrylamide gel electrophoresis.
Hybridization. Twenty micrograms of cRNA were hybridized to a U95A version 1 gene chip (Affymetrix) with 1ϫ MES hybridization buffer using standard protocols outlined in the Gene Chip Expression Analysis Technical Manual (Affymetrix). Hybridization was conducted in a GeneChip hybridization oven for 16 h at 45°C. After hybridization, the arrays were washed on a GeneChip Fluidics Station 400 according to the manufacturer's instructions (Affymetrix). The arrays were scanned using a Hewlett-Packard 2500A Gene Array Scanner, and the raw images were visually scanned for defects and proper grid alignment and converted into CEL files using the MAS5 Software Suite (Affymetrix). Finally, quality of cRNA was assessed by examining 3Ј-to-5Ј ratios for GAPDH oligonucleotides present on the arrays.
Data analysis. Background subtraction and single-intensity measures for each transcript were arrived from multiple probe sets by means of the GCRMA algorithm, using the "full model tag" in R (http://www.r-project.org) (9, 15, 33) . The GCRMA algorithm was chosen for its much improved performance in reporting low-and high-level expression over other methods as well as its dynamic range for single probe sets. Differentially expressed genes that are statistically significant were determined by ANOVA. Fold-change calculations were performed in Excel on data that were median scaled to a global intensity target value of 100. For each treatment vs. control condition, genes that changed were assigned based on a P value of Ͻ0.05 and a fold change value of Ͼ2. The microarray data have been uploaded to the Gene Expression Omnibus (GEO) database (series no. GSE1056 and sample nos. GSM17082-GSM17097, GSM48163, and GSM48164).
Quantitative real-time PCR analysis. Changes in gene expression observed by microarray analyses were verified by real-time PCR, performed on an Applied Biosystems Prism 7000 sequence detection system (Foster City, CA) as described (32) . Briefly, cDNA was synthesized from total RNA (1 g per sample per treatment, n ϭ 6) in a reverse transcriptase (RT) reaction in 20 l of 1ϫ first-strand synthesis buffer (Invitrogen, Carlsbad, CA) containing 1 g of oligo (5Ј-T 21VN-3Ј), 0.2 mM dNTPs, 10 mM DTT, and 200 IU of Superscript II RT (Invitrogen). The reaction mixture was incubated at 42°C for 60 min and stopped by incubation at 75°C for 15 min. Amplification of cDNA (1/20) was performed using SYBR Green PCR buffer [1ϫ AmpliTaq Gold PCR buffer, 0.025 U/l AmpliTaq Gold (PerkinElmer, Wellesley, MA), 0.2 mM dNTPs, 1 ng/l 6-carboxy-Xrhodamine, 1:40,000 diluted SYBR Green dye, and 3% DMSO] and 0.1 M primers. The thermal cycling parameters were 95°C for 10 min, followed by 40 cycles at 95°C for 15 s and 60°C for 60 s. Before the samples were analyzed, standard curves of purified, target-specific amplicons were created. Briefly, gene-specific oligonucleotides were used to PCR amplify the gene product from a pooled sample of prepared cDNA, the concentration of the amplicons was determined by UV spectrophotometry, and a standard curve was created (100 -100 million copies). The mRNA expression for each gene was determined by comparing it with its respective standard curve. This measurement was controlled for RNA quality, quantity, and RT efficiency by normalizing it to the expression level of the hypoxanthine guanine phosphoribosyl transferase (HPRT) gene. HPRT was used as a control gene because it was shown to be unaffected by any treatment used. Each primer set produced a single product, as determined by melt-curve analysis, and amplicons were of correct size, as analyzed by agarose gel electrophoresis. Statistical significance was determined by use of normalized fold changes and ANOVA.
Primers were designed using the web-based application Primer3 (http://www-genome.wi.mit.edu/cgi-bin/primer/primer3_www. cgi), biasing toward the 3Ј-end of the transcript to maximize the likelihood of giving a gene-specific product. The settings used in Primer3 were 125-bp amplicon, 20mer, 60°C melting temperatures, and all others as defaults. Primer sequences were analyzed by BLAST. Gene names, accession numbers, and forward and reverse primer sequences are listed in Table 1 .
RESULTS
Gene expression measurements were generated after 24-h exposure to each of the five treatments, normoxia, hypoxia, Fig. 1 . Venn diagrams representing genes the expression of which was significantly influenced by treatment. Genes whose expression was influenced by the 4 hypoxia treatments are displayed as Venn diagrams. Total no. of genes for each treatment group is listed at the bottom next to the treatment label. Each section that shares the same color and no. represents the same subset of genes. a: A complete list of these genes can be found in Table 3 . b: A partial list of these genes can be found in Table 4 . c: A partial list of these genes can be found in Table 5 . d: A partial list of these genes can be found in Table 6 . e: A partial list of these genes can be found in Table 7 . All genes for each treatment can be found in the Supplemental Materials (see footnote 1). cobalt, nickel, and DFO, in Hep3b cells. To examine the global relatedness of each of these stimuli, we performed hierarchal clustering on the entire data set. These results indicated that there is considerable similarity between the four stimuli (data not shown). To directly compare the effects of these treatments on the complete data set, an ANOVA was performed. The results showed that Ͼ38% (3,404/12,626 probe sets) were significantly influenced (P Ͻ 0.05) by treatment. These results suggest that hypoxia and hypoxia mimics have profound effects on cellular homeostasis and that there is considerable similarity between the four hypoxia treatments. A direct comparison of each treatment was also performed to identify subsets of genes that were shared and those that were unique among treatment groups. Genes with significantly altered expression (P Ͻ 0.05 and Ͼ2-fold change) were compared. At these significance levels, hypoxia (1% O 2 ) influenced 451 different probe sets. These sets of responsive genes included well-known hypoxia-regulated genes including GAPDH, VEGF, insulin-like growth factor II (IGF-II), carbonic anhydrase, and plasminogen activator inhibitor I (PAI-I) (19, 27) (Table  2 ). This list of hypoxia-responsive genes also included several genes that had not previously been demonstrated to be modu- lated by low O 2 tension. For example, pyruvate dehydrogenase kinase-1 (PDK1) and the creatine transporter SLC6A8 were upregulated 4.7-and 5.7-fold, respectively. In addition, the NAD ϩ -dependent 15-hydroxyprostaglandin dehydrogenase (15-PDGH) and prohibitin genes were significantly downregulated after hypoxia exposure. These results confirm the appropriateness of our data analysis and suggest that a more complete set of hypoxia-responsive genes were identified.
The other three treatments, cobalt, DFO, and nickel, also had profound physiological effects on the cells. Cobalt exposure (100 M, 24 h) led to the significant change (P Ͻ 0.05 and Ͼ2-fold) in transcription of 303 probe sets (Fig. 1) . Of these 303 probes sets, 85 (28%) overlapped with the hypoxiaresponsive subset. Nickel exposure altered the expression of a similar number of genes as cobalt (325 probe sets); however, a higher percentage overlapped with the hypoxia subset (65.2%, 212/325 probe sets) (Fig. 1) . DFO treatment led to altered expression of a much larger number of probe sets under these conditions (100 M, 24 h). DFO exposure changed the expression of 1,068 different probe sets, and 23.3% (249/1,068 probe sets) were shared with the hypoxia subset (Fig. 1) . These data suggest that there is a core set of genes that are responsive to hypoxia and hypoxia mimics, but a larger population may be unique to each treatment.
To more thoroughly understand this core set of genes, a comprehensive analysis of those genes that were shared between all four treatment groups was performed. This analysis led to the identification of a core set of 62 probe sets, representing 55 different genes (Table 3) . This list contains a large group of previously characterized hypoxia-responsive genes, including IGF-II, N-myc downstream regulated (also known as NDR1, RTP, and CAP43), PAI-I, VEGF, and several glycolytic enzyme genes. The list also contains several genes that had not been characterized as hypoxia responsive. These include PDK1, PDGH, MAOA, inhibin, and SLC6A8.
To verify the expression of some of the novel hypoxiaregulated genes, as well as some of the conventional hypoxia targets, quantitative RT-PCR (qRT-PCR) was performed. The genes verified included VEGF and carbonic anhydrase as controls for the hypoxia treatments. These genes are known hypoxia genes, and qRT-PCR and microarray data were in good agreement. In addition, four other genes (PDK1, SLC6A8, inhibin, and MCT3) that were upregulated in all four treatments and had not been characterized as hypoxia regulated were also verified. Each of the four treatments led to the upregulation of the PDK1 and SLC6A8 genes in the microarray and qRT-PCR analysis ( Fig. 2A) . In addition, the qRT-PCR expression pattern of inhibin correlated with the microarray data in three of the four treatments, while MCT3 was only verified in the DFO treatment group (Fig. 2A ). There were also several downregulated genes that were verified by qRT-PCR (Fig. 2B) . Cyp1a1 was downregulated in all four treatments in both the microarray and qRT-PCR experiments, and this is in good agreement with previously published reports (7, 8) . IL-8 was downregulated in three of the four treatments on the microarray, and this pattern was verified in the qRT-PCR results. Finally, four genes (HG-FAL, IP30, MAOA, and 15-PGDH) were downregulated in all four treatments on the microarray, and this was confirmed on the qRT-PCR, with one exception. Nickel induced a slight upregulation in the 15-PGDH gene in the qRT-PCR (Fig. 2B) .
A direct comparison of the microarray and qRT-PCR data was performed by compiling all of the values for all 12 genes under all 4 conditions and plotting them on a log 2 chart (Fig.  3) . The graph was further analyzed by linear regression and displayed a slope of 0.94 and an R 2 value of 0.58. These results validate the microarray data analysis and suggest that there is very good correlation between the two assays.
The results suggest that there is considerable overlap between the various treatments; however, there is also a large subset of genes that were altered in a treatment-specific manner. The expression of these genes passed significance and fold-change cutoffs in only one treatment. For example, there were 121 probe sets whose expression was altered (P Ͻ 0.05 and Ͼ2-fold) after hypoxia treatment that were not significantly changed in the other three treatment groups (Fig. 1,  Table 4 ). This subset included probe sets for the guanine nucleotide-binding protein, c-jun, MAP kinase phosphatase-4, ubiquitin-conjugating enzyme E2, and asparagine synthetase ( Table 4) . The role these genes play in the cellular response to hypoxia is currently being investigated.
There were also 92, 676, and 49 probes sets that were specific to cobalt, DFO, and nickel, respectively (Fig. 1) . These subsets include growth factors (e.g., connective tissue growth factor, amphiregulin, and transforming growth factor-␤), struc- tural proteins (e.g., desmocollin, spectrin, and adducin), and genes for several important enzymes (e.g., glutathione-S-transferase, hepatic dihydrodiol dehydrogenase, and S-adenosylmethionine synthetase). In addition, each treatment altered the expression of various critical transcription factors and cell cycle regulators. For example, cobalt exposure led to the decreased expression of cyclin D1 (Table 5) . DFO had the largest unique set of genes, and it contained the transcription factors c-fos, activating transcription factor-3, and the farnesol receptor HRR-1 (Table 6 ). Nickel altered the expression of the genes for the transcription factors E2A and SL1 (Table 7) . These results suggest that each of these treatments has a different functional consequence on cellular homeostasis, making it unique from hypoxia exposure.
DISCUSSION
Several dozen genes responded to both cellular hypoxia and its mimics. These genes included known hypoxia-regulated genes, such as IGF-II, VEGF, and carbonic anhydrase, but also many previously uncharacterized genes that were altered by all four treatments. Several genes were involved in the processes of adaptation and cell death, indicating a delicate balance between these processes under hypoxic stress. Adaptive genes included the previously known glycolytic enzymes and carbonic anhydrase but also the creatine transporter SLC6A8, through which creatine may function to regulate the ATP supply within the cell (25) . Another gene induced by hypoxia and its mimics, PDK1, is responsible for inactivating the pyruvate dehydrogenase (PDH) complex and thus regulating the amount of glucose that is ultimately converted to acetylCoA. The upregulation of PDK1 and subsequent inactivation of the PDH complex may act to divert pyruvate to other metabolic pathways to cope with the hypoxic environment.
Conversely, apoptotic or cell death-promoting genes and cell proliferation inhibitors were also found to be regulated by all four hypoxic stimuli. These include the known hypoxic targets BCL2/adenovirus E1B 19-kDa-interacting protein-3a (NIX), which can promote apoptosis or necrosis depending on cell type and circumstances, and DEC1 (deleted in esophageal cancers 1), an anti-proliferation and putative tumor suppressor gene (13, 22, 30, 34 ). This list also included RTP801 (also known as DDIT4 and N-myc downstream-regulated gene 1). RTP801 (upregulated 80-fold by hypoxia) was previously described as a hypoxia-inducible gene that plays a complex role in cellular viability (28) . Under certain conditions, it can act in a protective manner; however, under most standard conditions, overexpression of RTP801 leads to cell death. Collectively, these results indicate that hypoxia and its mimics induce a complex interplay between adaptive and proapoptotic responses that ultimately dictates cell survival. Several genes that were identified and verified suggest a complex cellular response to hypoxia. There is an initial upregulation of the glycolytic enzymes as a way of coping with an inability to produce ATP through oxidative phosphorylation. This upregulation may also be important to the maintenance of critical cellular metabolites (11) . This adaptive response is supported by other cellular processes, such as creatine transport (SLC6A8), which may allow the cell to survive in the hypoxic environment. The decrease in Cyp1a1 may be an attempt to control oxygen usage in side reactions or partial limits due to ARNT availability. HGFAL is a serine protease involved in cellular adhesion and is downregulated in all four treatments. Another downregulated target is inhibin-␤. When bound to inhibin-␣, the dimer is capable of inhibiting follicle-stimulating hormone and a putative tumor suppressor. Finally, IP30 (also known as ␥-interferon-inducible protein; GILT) is a lysosomal thiol reductase involved in disulfide bond reduction at low pH and is downregulated under all four conditions tested (20) . The role these proteins play in the adaptive or cell death response to hypoxia is unknown and under further investigation.
Current genomic technology has begun to unravel the various signaling networks that are influenced, both directly and indirectly, by hypoxia. Several recent publications from our laboratory and others have begun to characterize a complete list of "hypoxia" target genes (24, 29, 32) . A direct comparison between global expression data is difficult when different platforms and cell types have been employed; however, comparison of the present study and recently published reports suggest that hypoxia and hypoxia mimics (i.e., nickel, cobalt, and DFO) alter the expression of a core set of genes, including glycolytic enzymes, apoptotic genes, and several hydroxylases. The hydroxylases include EGLN1 (also known as PHD2, HPH2), an enzyme responsible for regulating HIF1␣ stability. More importantly, the differences seen in these various studies suggest that cell type and treatment paradigms can drastically influence the list of hypoxia genes identified in these genomic screens. These differences can be highlighted when the genes that were modulated by all four treatments of this study (Table 3) are compared with genes that were influenced by hypoxia and cobalt in mouse fibroblast (Table 2, Ref. 32). There was only limited overlap between these two studies, and most of these were known hypoxia-regulated genes (e.g., lactate dehydrogenase, prolyl-4-hydroxylase, aldolase, and NIX). When this comparison is extended to a direct comparison of 24-h hypoxia treatments in Hep3B cells (Table 4 and Supplemental Data; available at the Physiological Genomics web site) 1 and mouse fibroblasts (Supplemental Table SD , Ref. 32), ϳ18% of the clones are present in both lists (51 of 287 clones). Again, most of these clones were known hypoxia target genes, including the glycolytic enzymes and the apoptotic gene BNIP3 (31, 32) . The clones included in this overlap, however, also included some novel targets, such as 17-␤-hydroxysteroid dehydrogenase. The 11-␤-hydroxysteroid dehydrogenase gene has previously been shown to be a target of hypoxia-mediated downregulation, and the addition of this family member may suggest a global downregulation of steroid synthesis under hypoxic conditions (14) . In addition, we could detect no significant change in expression of ataxia telangiectasia mutated (ATM) or focal adhesion kinase (FAK) after exposure to any of the four treatments used, even though these genes were expressed in this cell type. This is in contrast to nickel-treated mouse fibroblasts, where a significant increase in ATM and FAK was observed (24) . Given the similarity in platforms, these differences are probably due to cell-specific signaling.
The most similar genomic screen to the one reported here was performed in HepG2 cells and utilized the same platform (29) . When the complete list of hypoxia-responsive genes (Supplemental Data) was compared with the HepG2 study, there was ϳ10% overlap (47/452) (29) . This overlap was weighted toward upregulated genes (36 of 47 probe sets), even though a higher proportion of genes in our list (Supplemental Data) were downregulated (314 of 452). The overlap included genes such as IP30, several heat shock proteins, and classic hypoxia-regulated genes, but several of the genes verified in this study (e.g., HGFAL and IL-8) were not differentially expressed in the HepG2 cells after hypoxia exposure. Finally, in a recent publication, serial analysis of gene expression (SAGE) was used to identify genes whose levels were altered by loss of the VHL protein (18) . VHL plays an essential role in regulating hypoxia signaling by recognizing the hydroxylated form of the HIF and recruiting the ubiquitination machinery necessary for its degradation. Therefore, we hypothesized significant overlap between our results and those derived from the SAGE experiments (18) . Indeed, there was extensive overlap, including genes such as plasminogen activator inhibitor, BNIP3a, and IP30. These results suggest that there is a core set of hypoxia-inducible genes in all cell types and that each also harbors the ability to mount specific responses to low oxygen availability.
Adaptive responses to hypoxia involve a complex network of signaling pathways and are necessary for cell and organismal survival. Current studies of hypoxia rely heavily on mimics such as cobalt chloride and DFO, which presumably function by inhibiting the iron-dependent hydroxylases that regulate HIF1␣ stability. However, the possibility that cobalt and DFO have other activities that may complicate analysis of these experiments has not been fully addressed. Our results indicate that the overlap between these mimics and hypoxia is limited and suggest caution in their use. In addition, we show that many genes are induced by all four stimuli including glycolytic enzymes and other survival genes (i.e., SLC6A8), hydroxylases, and apoptotic genes. A detailed mechanistic understanding of how cells respond to low oxygen, cobalt, and DFO, including their transcriptional programs, will ultimately be required for a more complete understanding of hypoxiamediated signaling and how it relates to critical processes of development and cancer.
